Objective.-To investigate differences in cortical thickness in patients with persistent post-traumatic headache (PPTH) relative to healthy controls and to interrogate whether cortical morphology relates to headache burden (headache frequency, years with post-traumatic headache, PTH) in patients with PPTH.
INTRODUCTION
It is estimated that 1.6-3.8 million concussions occur each year. 1 Concussions are associated with a multitude of physical and cognitive complaints including problems with memory, attention, and balance, 2 but one of the most common symptoms following a concussion is post-traumatic headache (PTH). 3, 4 Although these headaches often resolve over the course of a few days, a significant proportion of concussed patients develop persistent posttraumatic headaches (PPTH). 5 According to the International Classification of Headache Disorders (ICHD-III beta) guidelines, 6 PPTH are headaches which develop within 7 days after concussion and persist for 3 months or longer post-concussion. PPTH has strong comorbidity with depression 7 and patients with PPTH are at higher risk for disability and for seeking medical care compared with patients who suffered a traumatic brain injury (TBI) but do not have persistent headaches. 8 Although a number of magnetic resonance imaging (MRI) studies have shown functional changes and anatomical changes such as volume loss and cortical thinning following concussion, [9] [10] [11] [12] the association between brain morphological changes and headache symptoms in patients with PPTH is insufficiently understood. The aim of this study was to interrogate changes in brain morphology in patients with PPTH and to determine whether these changes might relate to headache burden. Therefore, this study investigated whole brain vertex-by-vertex differences in cortical thickness in patients with PPTH relative to healthy controls and determined whether there was a relationship between cortical morphology and headache frequency or years lived with PPTH.
METHODS
Subjects.-This study included 33 patients with PPTH and 33 healthy controls. Subjects were recruited from Mayo Clinic Arizona and the Phoenix VA Health Care System. All subjects provided a signed written informed consent prior to being enrolled for study participation. This study was approved by the local institutional review boards at Mayo Clinic and the Phoenix VA Health Care System. Data were collected over a period of 14 months (2016-2017) . To better balance the current study PPTH population for age and sex, data from 12 healthy controls were included from a previously published cohort. [13] [14] [15] [16] [17] [18] Data from these patients were collected in 2013, over a time period of 12 months. Patients were diagnosed with PPTH using the diagnostic criteria established by the International Classification of Headache Disorders (ICHD-III, beta) guidelines. 6 Diagnosis of PPTH was made by a board certified headache specialist. Healthy controls were included if they never had headaches, or had infrequent tension-type headaches (4 tensiontype headaches per month 27 brain boundary delineation, automated topology correction, and surface deformation and reconstruction. 22, 23 Cortical thickness is a measurement used to characterize brain morphometry and describes the distance between the pial surface to the gray/white matter boundary, which is calculated in millimeters (mm). Among healthy controls, cortical thickness is a relatively stable measure that ranges between 1.5 and 3 mm, with some areas being somewhat thicker than others. Therefore, cortical thickness provides a useful technique for detecting small (but measurable) differences in cortical health between healthy controls and patient populations. Vertex-by-vertex measurements of cortical thickness were calculated for over 150,000 vertices over the left and right hemispheres using the application QDEC (Query, Design, Estimate, Contrast) within FreeSurfer, which applies a vertexwise general linear model. Surface maps were smoothed using a 15 mm Gaussian kernel full width at half maximum. Results of vertex-by-vertex between group comparisons were corrected for sex, age, depression, and state and trait anxiety. A Monte Carlo permutation cluster analysis (10,000 iterations) using a cluster threshold of P 5 .05 was used to correct for multiple comparisons over the whole brain. This Monte Carlo correction method for cortical surface meshes is a simulation-based tool within FreeSurfer that calculates the probability of a certain cluster size under the null hypothesis and is described in detail in prior publications. 28, 29 Regions were labeled according to the naming conventions of the Desikan-Killiany cortical atlas, 30 which parcellates each hemisphere into 33 cortical regions. Five-millimeter (>50 vertices) diameter labels were drawn around each region that showed peak vertex differences in patients with PPTH relative to healthy controls. The average cortical thickness measurements of each region cluster were extracted from FreeSurfer and exported to SPSS 23 to explore cortical thickness correlations with years lived with PPTH and with headache frequency. Correlations between cortical thickness with headache frequency and disease duration in patients with PPTH were investigated using Pearson correlations controlling for age, sex, depression, and anxiety.
RESULTS
Demographics.-A total of 68 subjects were enrolled in this study. Data from two subjects were excluded due to abnormal findings on T1-(one healthy control subject; noted findings: regional atrophy) or T2-weighted imaging (one patient with PPTH; noted findings: white matter hyperintensities), leaving a total of 66 subjects in the final analysis. Descriptive statistics for demographic data for 33 healthy controls and 33 patients with PPTH are listed in Table 1 . Comparing PPTH patients to healthy controls, there were no significant differences for age (healthy controls: median age5 33.0, IQR5 15.5; PPTH patients: median age 5 36.0, IQR 5 20.5; P 5 .56) or sex (healthy controls: 19 females and 14 males; PPTH patients 13 females and 20 males; P 5 .21). There were significant group differences for anxiety at the time of testing (healthy controls: median state anxiety 5 23.0, IQR 5 8.0; PPTH patients median state anxiety 5 38.0, IQR 5 28.0; P< .001), and general anxiety (healthy controls: median trait anxiety 5 26.0, IQR 5 10.5; PPTH patients median trait anxiety 5 46.0, IQR 5 22.0; P < .001). There were significant group differences on the state and trait anxiety raw scores. However, according to published norms, 31 ,32 the median state anxiety scores for healthy controls and for patients with PPTH were in the normal range. Patients with PPTH had significantly higher trait anxiety raw scores, indicating clinically significant symptoms of anxiety, whereas the trait anxiety raw scores for healthy controls were in the normal range. There was a significant between group difference on levels of depression (PPTH patients: median depression raw scores 5 16.0, IQR 5 14.5; healthy controls: median depression raw scores 5 1.0, IQR 5 2.5; P < .001). The median raw score of healthy controls was in the non-depressed range, whereas the median raw score of patients with PPTH indicated mild mood disturbance. On average, patients with PPTH had 16.0 (median) headache days per month (IQR 5 9.0) and lived on average 7.0 years with PPTH (IQR 5 9.5). Among the 33 individuals with PPTH, 24 (73%) had a symptom complex that was consistent with a diagnosis of migraine (had the symptoms not been initiated by TBI), four with probable migraine, four with tension-type headache, and one that was unclassifiable. Among the 33 participants, the following symptoms were reported: headaches that were moderate or severe intensity (97% of participants), worsening of headache with physical activity (64%), nausea (76%), vomiting (39%), sensitivity to light (79%), sensitivity to sound (85%), and throbbing quality of headaches (73%). Six subjects reported one TBI in their lifetime, 15 reported two TBIs, three reported three TBIs, one reported four TBIs, two reported five TBIs, and six reported six or more TBIs. Concussions that led to PPTH were due to explosion/blast injuries (n 5 15), sportsrelated accidents (n 5 8), falls (n 5 5), and motor vehicle accidents (n 5 5). For patients with PPTH, there was not a correlation between depression and headache frequency (P 5 .88), and there was not a correlation between depression and years lived with PPTH (P 5 .10). For patients with PPTH, there was not a correlation between measures of anxiety and headache frequency (state anxiety and headache frequency, P 5 .36; trait anxiety and headache frequency P 5 .44) or between anxiety and years lived with PPTH (state anxiety and years lived with PPTH, P 5 .16; trait anxiety and years lived with PPTH, P 5 .067). Furthermore, there was not a correlation between age and headache frequency (P 5 .33) or between age and years lived with PPTH (P 5 .21).
Cortical Thickness Differences Between Patients with PPTH and Healthy Controls.-Significantly less cortical thickness (Monte Carlo corrected for multiple comparisons, P < .05, and adjusted for age, sex, depression, and state and trait anxiety) was observed in patients with PPTH over left and right frontal (superior frontal, caudal middle frontal, and 16.0 (9.0) n/a n/a Years with PPTH (median, IQR) 7.0 (9.5) n/a n/a PPTH 5 persistent post-traumatic headache; f 5 female; m 5 male; BDI 5 Beck Depression Inventory; Headache frequency 5 days with headache per month; Years with PPTH 5 number of years lived with persistent post-traumatic headache; IQR 5 interquartile range. All P-values were calculated using nonparametric Mann-Whitney U tests except sex, which was calculated using a Fisher r-to-z transformation.
precentral) regions and right parietal (precuneus, supramarginal, inferior, and superior parietal) regions. See Figure 1 and Table 2 . Relative to healthy control subjects, patients with PPTH had no regions with thicker cortex. Using a post-hoc analysis, correlations between years lived with headache, headache frequency, and cortical thickness were explored only for those regions that showed significantly less cortical thickness in patients with PPTH. Left and right superior frontal region cortical thickness was significantly negatively correlated with headache frequency (left: r 5 20.359, P 5 .029; right: r 5 -.363, P 5 .029). There were not significant correlations between the left or right superior frontal region cortical thickness with years lived with headache (left: r 5 0.074, P 5 .35; right: r 5 0.08, P 5 .48).
There were no significant associations between cortical thickness and headache frequency or years lived with PPTH for any other peak vertex clusters in other frontal (caudal middle frontal, precentral), or parietal (precuneus, supramarginal, inferior and superior parietal) regions that showed less cortical thickness in patients with PPTH compared with healthy controls (P > .05).
DISCUSSION
Relative to healthy controls, patients with PPTH have less cortical thickness in a number of bilateral frontal (caudal middle frontal, superior frontal, precentral) regions and right hemisphere parietal (supramarginal, inferior, and superior parietal and precuneus) regions. In patients with PPTH, headache frequency (but not years lived with headache) negatively correlated with bilateral superior frontal thickness.
Less Cortical Thickness in Patients With PPTH.-A number of imaging studies have demonstrated cortical thinning in patients with mild, moderate, and severe head trauma primarily in areas involving the frontal, temporal, and parietal cortices. [10] [11] [12] [33] [34] [35] However, none of these studies specifically interrogated associations between PTH burden and cortical thickness patterns. Potentially indicating time-linked changes in cortical dynamics following concussion, one study 10 found thickening in frontal regions in acutely concussed patients who were imaged less than 2 weeks after suffering motor vehicle-related accidents followed by cortical thinning in the same regions 3 months post-concussion.
Results by Albaugh et al showed an association between cortical thickness and self-reported postconcussive symptoms using the ImPACT Postconcussion Symptom Scale. 34 Although relationships between headache characteristics and cortical thickness were not specifically assessed, results did indicate that more post-traumatic symptoms (including headache) related to thinner cortex in a variety of frontal, temporal, and parietal areas in a cohort of male concussed hockey players. Similarily, D'Souza et al 36 found white matter changes in patients with mild to moderate head trauma using diffusion tensor imaging. Results showed a correlation between white matter integrity loss and postconcussion symptom severity using the Rivermead Postconcussion Symptom Questionnaire, which is a questionnaire that assesses a variety of self-reported symptoms including headache, mood, physical problems, and cognitive problems. Specifically, alterations in white matter tracts underlying frontal (uncinate fasciculus and corpus callosum) and parietal regions (superior longitudinal fasciculus) related to symptom severity. Taken together, the results of these studies and our study indicate that the number and the severity of post-traumatic symptoms are associated with brain integrity in frontal and parietal areas. Furthermore, morphological abnormalities in several of these brain regions have previously been demonstrated in pain conditions including chronic back pain, migraine, fibromyalgia, and medication-overuse headache. [37] [38] [39] [40] Therefore, further investigation is required to determine if the findings of our study are specific for PPTH or if they are generalizable to other chronic pain conditions and other symptoms that occur following concussion.
Headache Frequency Relates to Superior Frontal Thickness in Patients With PPTH.-In patients with PPTH, we found a negative correlation between superior frontal thickness and headache frequency, with patients who have more frequent headaches having less bilateral superior frontal thickness. There was not a relationship between cortical thickness and years lived with headache. These results indicate that, although general linear model vertex-by-vertex comparisons indicate that large areas over the frontal cortex are overall thinner in patients with PPTH, it is specifically the frequency of headaches that associates with cortical thinning in the superior frontal regions. Several other studies have identified relationships between headaches and structural and functional brain alterations in the frontal cortex. Results of a recent diffusion tensor study that applied a principal component analysis found that decreased fractional anisotropy in the genu and the midsplenium of the corpus callosum increased the risk for developing PTH, 41 and in a previously published study we have found a relationship between headache frequency and dorsolateral prefrontal activation during pain processing in patients with migraine without history of concussion. 14 These studies provide some evidence of a potential relationship between frontal cortex structure and function and headache burden in migraine patients as well as in patients with PPTH. Further studies are needed that identify shared and unique brain alterations in patients with migraine and PPTH relative to healthy controls.
LIMITATIONS
Prior research indicates a high comorbidity between PTH and mood dysfunction. 7, 42 Consistent with these data, our cohort of patients with PPTH had comorbid symptoms of mild depression and anxiety. Although there was not an association between mood alteration and headache frequency in patients with PPTH, it is impossible to completely disentangle the effect that mood dysfunctions may have had on altering cortical thickness patterns in patients with PPTH. This study compared patients with PPTH to healthy control subjects without a history of concussion. As such, the results of this study have to be interpreted with caution as it is impossible to disentangle brain changes related to the concussion versus those related specifically to PTHs. To better delineate changes unique to PPTH, future studies are needed that compare patients with PPTH to concussed patients without history of PTH, ideally balancing groups for depression and anxiety. This study included patients with PPTH who suffered concussions attained from sports-related injuries, falls, motor vehicle accidents, and blast-type injuries, and included patients who suffered a single concussion as well as patients who had multiple concussions. It is possible that different injury mechanisms lead to differing patterns of brain morphological change and that repetitive concussions lead to greater magnitude changes. Furthermore, this study did not systematically collect data on medication intake, history of smoking, hypertension or hypercholesterolemia, or body mass index. This heterogeneity in our patient population might have affected our ability to detect changes in cortical thickness patterns in patients with PPTH. Future studies using larger patient cohorts will be needed to better detect how repetitive concussions, concussion mechanism (sports-related vs motor vehicle accident vs blast-injuries, vs falls), and medical history alter brain pathophysiological processes as well as affect headache patterns in patients with PPTH.
CONCLUSION
Patients with PPTH have less cortical thickness in bilateral frontal and right hemisphere parietal areas. For patients with PPTH, thinner superior frontal cortex related to more frequent headaches, potentially indicating that headache burden modulates cortical thinning in patients with PPTH.
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